The inclusive decay of B-mesons into η ′ + X is the consequence of the gluonic decay of the b-quark into an s-quark. As a result of the QCD anomaly this decay proceeds partly as the decay b → s + η ′ , similar to b → s + J/ψ. The hadronic recoiling system is found to have a relatively large mass. Analogously one expects a decay of the type b → s+σ.
Recently one has observed a relatively large rate for the decay of B-mesons into an η ′ -meson and additional hadrons. One finds 1) :
Br (B → η ′ + X) = (7.5 ± 1.5 ± 1.1) × 10 −4
(1) under the constraint:
Furthermore the exclusive decay B ± → η ′ K ± has been observed 2) :
Br(B → η ′ K) = 7.8
The latter is of the same order as the decay B ± → π ± K 0 , which is observed with a branching ratio of 4.8
The observation of the η ′ -meson in the final state of a B-decay is of interest both with respect to the internal dynamics of such a decay involving nonperturbative aspects of QCD and with respect to the validity of the standard electroweak theory describing the decay.
It is well known that the η ′ -meson plays a special role in the dynamics of the strong interactions. Due to its QCD anomaly it evades to be a massless Goldstone boson in the limit of the chiral SU(3) × SU(3) symmetry. Due to its special character it is expected that the η ′ -meson has an anomalously large coupling to gluonic field configurations. 4) Thus a possible connection between this feature, the QCD anomaly and the B-decays involving the η ′ -meson, might be exist. Such possibilities have been discussed recently in a number of papers 5, 6, 7, 8, 9) . In this note we shall discuss the decay B → η ′ + X from a phenomenological point of view. It is shown that definite conclusions can be drawn using simple and modelindependent arguments.
The decay B → η ′ + X (either inclusive or exclusive) is a decay, in which no charmed particles are present in the final state. Thus the decay proceeds either via a charmless decay mode of the b-quark (see below) or via the intermediate formation of acc-pair (via the decay mode b → c(cs)), which annihilates to form the final state containing an η ′ -meson.
The most important decay channels would be
The possibility a) can easily be dismissed, since decays of the J/ψ involving η ′ are seen of the level of 10 −4 in branching ratio, thus the corresponding B-decays are of the order of 10 −6 . The second possibility was recently studied 5) , with the conclusion, that the expected branching ratio for B → η ′ + X could be at most 10 −4 , i. e. small in comparison to the observed rate.
It is well known that there is a relatively large mixing between the η ′ -meson and the η cstate 10) , which accounts for the decay J/ψ → η ′ γ. Following ref. (10), we denote the η(η ′ )-wave function as follows (in the absence of acc-contribution):
(ūu +dd) sinα +ss cos α
The mass spectrum of the pseudoscalar mesons as well as their radiative decays indicate α ≃ 44
• (possible uncertainties in this value will not be discussed here). The large mixing between the various (qq)-contributions is due to the QCD anomaly. The latter is also responsible or the (cc)-admixture of the η and η ′ -meson. As discussed in ref. (10) , the η c -state can be written as:
This gives a satisfactory description of the decay: J/ψ → η(η ′ ) + γ. Thus the QCD anomaly which is responsible for the large mixing in the pseudoscalar channel, accounts well for these radiative decays. Likewise the decay B → η ′ + X can proceed via the (cc)-admixture of the η ′ -meson, given by the mixing parameter ε ′ , and one finds:
(Here we used Br(B → η c X) 10 −2 (see ref. (11)). Thus thecc-admixture of the η ′ -meson although anomalously large, does not lead to a decay rate for B → η ′ X at the observed rate. Likewise one can see that thecc-admixture does not give a sizeable contribution to the exclusive decay B → η ′ K. The decay B → η c K has not been observed, but its branching ratio is expected to be smaller than for the decay B → J/ψK (branching ratio of order 10 −3 ). Thus one finds for the decay induced by mixing:
an effect far below the observed signal. In general we conclude that thecc-admixture of the η ′ -meson can be neglected for the discussion of the decays B → η ′ X and B → η ′ K. Below we shall argue that the observed inclusive decay B → η ′ X is indeed the first observation of the gluonic decay of the b-quark into an s-quark.
It is known that within the standard electroweak model the b-quark can decay into an s-quark by emitting an on-shell or off-shell gluon 12, 13) . The process proceeds via the transition of the b-quark into a virtual t-quark and a W -boson, which combine to give an s-quark under gluon-emission. If the gluon is on-shell, this process corresponds to a chromomagnetic b − s transition, described by the effective Lagrangian
(G µν : gluonic field-strength, V ts : t − s-transition element of the weak current, the const. an effective b-mass of 4.6 GeV). This process is reminiscent of the decay b → s + J/ψ, discussed a long time ago 14) , except in the latter process the energy of the emitted s-quark is about 1 GeV smaller than in the process discussed here. The hadronic final state is formed by the fragmentation of the (sq − g)-system into hadrons.
The chromoelectric decay proceeds in a similar way, except the emitted gluon is not onshell, i. e. the final system is a (sq − g * )-System. Since the process is dominated by small g * -masses, the fragmentation process should be similar, and we shall not discriminate between the two any longer. In fact, in term of observable quantities a clear-cut distinction between the chromomagnetic and chromoeletric reactions cannot be made.
The gluonic b-decay is a reaction in which for the first time the conversion of a single gluon of relatively low energy into hadrons can be studied experimentally. A single color-octet gluon emitted by the decaying b-quark and leaving the hadronic debris of the previous B-meson with relativistic speed can, of course, not be converted into a color-singlet system of hadrons.
However the color-octet nature of the gluon can easily be "bleached" by the interaction with one or several soft gluons participating in the process. If the mass of the decaying b-quark were very high, say 20 GeV or more, one would observe a gluon jet, identical to the gluon jets observed in other hadronic processes. In our case, however, the "gluon jet" has only an energy of about 2.3 GeV. A certain fraction of the decays will lead to glue-mesons, expected
to have a mass in the region above 1.6 GeV. These final states will be complicated, involving a fairly large number of hadrons. We shall not consider them any longer.An important fraction of the decays will involve those hadrons which are known to have a strong affinity to the gluonic degrees of freedom. In low energy hadron physics there are only two particles known to have this property:
The large η ′ -mass reflects the strong coupling of this meson to gluons. The matrix gluon. This system can be described by a complicated sum of products of at least two gluonic field strengths operators and their derivatives, corresponding to the various spin and parity assignments of the multigluon system in question. The hadronic matrix elements of these operators will finally determine which types of hadrons are emitted in the decay. These states will be primarily gluonic mesons, except for the special cases, in which one deals with the pseudoscalar and scalar gluonic densities, which at low frequencies are strongly dominated by the η ′ and σ-mesons. If the mass of the b-quark would be less than in reality, say only 2.5
GeV, there would be no phase space for producing gluonic mesons. Effectively all gluonic densities would be projected out, except for the scalar and pseudoscalar densities, due to the large coupling to the σ and η ′ -mesons. In this case the gluonic decay of the b-quark would lead exclusively to η ′ or σ-mesons! If we restrict ourselves to the pseudoscalar and scalar densities, we can write down an effective interaction between the quarks and the gluonic densities as follows:
where the const. absorbs the details of the non-perturbative aspects of the strong interactions involved in the decay process. No attempt is made here to calculate this coefficient. Since at low energies the scalar and pseudoscalar densities are dominated by the corresponding mesons, one concludes that a rather sizeable fraction of the gluonic b-decay will be given by the decays b → s + η ′ and b → s + σ. The total gluonic decay rate is given by The conversion of the gluon emitted in the b-decay into an η ′ -meson is intrinsically a truly non-perturbative effect, like the generation of the η ′ -mass. We doubt whether it is useful to use perturbative methods, for example by introducing an η ′ − g − g vertex as suggested in ref. (5) . In this approach one would not expect that a single η ′ -meson is emitted, while in our approach this is the case as a natural consequence of the gluonic anomaly.
What has been said above for the decay b → s + η ′ can be repeated for the decay b → s + σ.
Since the central value of the σ-mass (800 MeV) is 160 MeV lower than the η ′ -mass, in average the momentum of the emitted s-quark is slightly larger, but in view of the large σ-width and the fluctuation of the b-momentum inside the B-meson this effect can be neglected. Thus it is expected that the B-meson decays into a σ-meson, such that the total energy is in average about 2.4 GeV, recoiling against a hadronic system involving a K-meson with an invariant mass just below 2 GeV. The σ-meson decays into a ππ-system. Due to the large width of the σ-meson it is not easy to identify. Nevertheless the simple two-body kinematics of the underlying decay b → s + σ might help in the search for this decay.
Finally we shall discuss the expected rate for the η ′ -and σ-decays of the b-quark, by comparing them to the total gluonic decay rate, introducing the ratios
r(σ) = Γ(B → σX)/Γ g As argued above, these ratios will not be small. To get an order of magnitude estimate for r(η ′ ) and r(σ), we consider the decay of the η c -meson. In lowest order of QCD this meson decays into two gluons, each of them carrying an energy of about 1.5 GeV (about 0.8 GeV less than the gluon emitted in the gluonic b-decay). Applying the ideas discussed above to the η c -decay, we would expect that it decays relatively often into η ′ η ′ , ση ′ and σ σ. Since the η ′ is detected by its (small) γ γ-decay mode, the η ′ η ′ -mode would be difficult to identify, but the ση ′ -mode, giving e. g. a final state π + π − η ′ , has indeed been identified as a leading decay mode: Br (η c → ππη ′ ) = 4.1 ± 1.7%. The kinematics of the process is consistent with the hypothesis that originally an η ′ − σ-system is formed. These observations support our idea that gluons at relatively low energy have a sizeable tendency to produce η ′ or σ-mesons.
We see no reason why the fragmentation into an η ′ -meson should differ much from the fragmentation into a σ-meson, and we expect that r(η ′ ) and r(σ) should be of similar order of magnitude.
If we take r(σ) = r(η ′ ), one finds r(η For the inclusive decay B → η ′ X we find
As remarked earlier, the ratio Γ g /Γ tot is expected in the Standard Model to be about 1 %.
For r(η ′ ) = 10 % we would obtain Br(B → η ′ + X) ≈ 0.1%, not in disagreement with the observed rate, in view of the uncertainty in the calculation of Γ g /Γ tot . The branching ratio for the decay B → σ + X should also be about 0.1%.
Our considerations support again the idea that due to the QCD-anomaly the η ′ -meson plays an important and interesting dual role in hadronic physics. It is aqq-state, but shows like the σ-meson a strong affinity to the gluonic sector of QCD. Gluons of relatively low energy fragment with a large probability into an isolated η ′ -meson. It would be interesting to search for an inclusive η ′ -signal in gluon jets at high energies, e.g. at LEP. Our considerations suggest that high energy gluon jets should exhibit a leading η ′ -meson (see also refs. (4), (19) and (20)). Whether the strong η-signal, seen in gluonic jets at LEP by the L3-collaboration 21) has anything to do with our expectation remains to be seen. The observation of η and η ′ -mesons in the three-jet-events by the Aleph-collaboration 22 does not yet allow a firm conclusion, in view of the large experimental uncertainties.
We add a remark concerning the decay B → η + X. If SU(3) were an exact symmetry of the strong interactions, the decay b → s + η would be forbidden. Due to SU(3) breaking effects it will be induced. These breaking effects will show up in two different ways:
a) The η-meson is partly a SU(3) singlet and can communicate via its singlet part with the pseudoscalar gluonic operator G µν ∼ G µν . Thus the decay can proceed via the singletoctet-mixing in the wave function of the η-meson.
b) The gluonic coupling toūu/dd and toss in the pseudoscalar channel violates SU(3) 4) .
This effect also influences the decay rate for b → s + η.
We do not attempt a precise calculation of these effects, which in any case would have a sizeable systematic error. However both effects play an analogous role in the decays J/ψ → η ′ + γ, which proceed via the gluonic mixing with the η c -state. Using the results of ref. (10), we find in terms of the parameters ε and ε ′ (see eq. (4)):
Phase space effects which are small due to the large b-mass have been neglected in eq. (3).
Thus we expect the rate for the inclusive decay B → η + X to be about 10 −4 . It could hardly be more than an order of magnitude less than the rate for the decay B → η ′ + X and should be seen eventually in the experiments.
In view of the fact that the semileptonic branching ratio for the B-decays seems to be smaller than expected by theory and that there seems to be a charm-deficit in the Bdecays, it has been suggested that the chromomagnetic decay b → s + g is abnormally large We conclude: The observed inclusive decay B → η ′ + X could not be due to the primary b-quark decay b → c + (cs). It is the first signal for the gluonic decay b → s + glue. About 10% of these decays lead to the production of an η ′ -meson, which has a strong affinity to gluons due to the QCD-anomaly. The decay can be viewed as the two-body decay b → s+η ′ , analogous to b → s + J/ψ. The hadronic system recoiling against the η ′ has a relatively large mass just below 2 GeV. Likewise the decay b → s + σ should occur, which could be identified by looking for decays B → π + π − + X, with E(π + ) + E(π − ) ≈ 2.3 GeV and the invariant mass of the ππ-system being consistent with the σ-mass. Our results are in good agreement with the prediction of the Standard Model for the total gluonic decay rate of the b-quark.
There is no or only little room for an abnormally large chromomagnetic decay of the b-quark.
